This paper presents SOAP 2.0, a new version of the SOAP code that estimates in a simple way the photometric and radial velocity variations induced by active regions. The inhibition of the convective blueshift inside active regions is considered, as well as the limb brightening effect of plages, a quadratic limb darkening law, and a realistic spot and plage contrast ratio. SOAP 2.0 shows that the activity-induced variation of plages is dominated by the inhibition of the convective blueshift effect. For spots, this effect becomes significant only for slow rotators. In addition, in the case of a major active region dominating the activity-induced signal, the ratio between the full width at half maximum (FWHM) and the RV peak-topeak amplitudes of the cross correlation function can be used to infer the type of active region responsible for the signal for stars with v sin i ≤ 8 km s −1 . A ratio smaller than three implies a spot, while a larger ratio implies a plage. Using the observation of HD189733, we show that SOAP 2.0 manages to reproduce the activity variation as well as previous simulations when a spot is dominating the activity-induced variation. In addition, SOAP 2.0 also reproduces the activity variation induced by a plage on the slowly rotating star α Cen B, which is not possible using previous simulations. Following these results, SOAP 2.0 can be used to estimate the signal induced by spots and plages, but also to correct for it when a major active region is dominating the RV variation.
Introduction
The radial velocity (RV) technique is an indirect method that does not allow us to directly detect a planet: it measures the stellar wobble induced by a planet orbiting its host star. The technique is sen- Swiss National Science Foundation Fellow; xdumusque@cfa.harvard.edu * The tool is available at http://www.astro.up.pt/soap. The work in this paper is based on observations made with the MOST satellite, the HARPS instrument on the ESO 3.6-m telescope at La Silla Observatory (Chile), and the SOPHIE instrument at the Observatoire de Haute Provence (France).
sitive not only to possible companions, but also to signals induced by the host star. At the meter-persecond level, RV measurements are affected by solartype oscillations (Arentoft et al. 2008; Kjeldsen et al. 2005; Bouchy et al. 2005; Mayor et al. 2003) , granulation phenomena (Dumusque et al. 2011b; Lindegren & Dravins 2003; Dravins 1982) , and activity signals (Robertson et al. 2014; Jeffers et al. 2013; Meunier & Lagrange 2013; Lovis et al. 2011; Dumusque et al. 2011a; Boisse et al. 2011 Boisse et al. , 2009 Saar 2009; Huélamo et al. 2008; Desort et al. 2007; Queloz et al. 2001; Santos et al. 2000; Saar & Donahue 1997) . The recent confirmation of Kepler-78 with HIRES@KECK and HARPS-N@TNG (Sanchis-Ojeda et al. 2013; Howard et al. 2013; Pepe et al. 2013) , and the characterization of the the 17 Earth-mass planet Kepler-10c (Dumusque et al. 2014) show that breakthrough results can be obtained with RV measurements. It is therefore extremely important to understand the different type of stellar signals affecting RV measurements to be able to correct them if we want the RV technique to be efficient in the future.
Optimal observational strategies can be used to mitigate the effect of oscillations and granulation phenomena when observing solar-type stars (Dumusque et al. 2011a) , which enables the detection of tiny planetary signals (Dumusque et al. 2012; Pepe et al. 2011 ). However, activity signals are more difficult to average out. Among the different types of activity signals affecting RV measurements, one should distinguish between short-term variations, with a timescale similar to the rotational period of the star (Saar & Donahue 1997) , and long-term perturbations induced by solar-like magnetic cycles (Meunier & Lagrange 2013; Gomes da Silva et al. 2013; Lovis et al. 2011; Dumusque et al. 2011c ).
This paper focuses on the short-term variation that is induced by stellar rotation in the presence of active regions, i.e regions like spots and plages that are the result of strong local magnetic fields. When the star is rotating, these active regions will induce a RV variation by two different physical processes. Because these regions will have temperatures that differ from the average surface temperature, their flux will be different, which shall be referred to as the flux effect throughout this paper. The second effect is induced by the inhibition of the convective blueshift inside active regions because of the strong local magnetic field (Cavallini 1985a; Dravins 1981 ). An active region will therefore have a different RV than the average stellar surface, which will induce what is referred to as the convective blueshift effect throughout this paper.
A spot will induce a RV variation due to its small flux compared to the average stellar surface. Sunspots being ∼ 700 K cooler than the effective temperature of the Sun (Meunier et al. 2010a) , they have a much lower flux than the quiet solar photosphere regions 1 . A spot will therefore break the flux balance between the blueshifted approaching limb and the redshifted receding limb of a rotating star, and will induce a RV variation as it passes on the visible stellar disc. A plage at the disc center is only slightly hotter than the average effective temperature and will induce a small flux effect. A plage on the limb will be brighter due to a center-to-limb brightness dependence (e.g Meunier et al. 2010a; Unruh et al. 1999; Frazier 1971) , however at this location, the star emits less light due to limb darkening. Independently of its location, a plage will therefore induce a small flux effect compared to a spot, even if plages tend to be an order of magnitude more extended than spots (Chapman et al. 2001) .
A plage or a spot are regions affected by strong local magnetic fields. These magnetic fields will inhibit locally the convection, which will suppress the convective blueshift effect inside active regions (∼ 300 m s −1 for the Sun, e.g. Dravins 1981 ). These regions therefore appear redshifted in comparison to the quiet photosphere (see Figure 3 in Cavallini (1985a) for a plage and Figure 2 of this work for a spot), which induces a RV variation as active regions appear and disappear from the visible part of the stellar disk due to rotation. The convective blueshift effect for spots and plages of the same size will be similar.
Several simulations estimating the RV variation induced by active regions already exist. However most of them only consider the flux effect (Oshagh et al. 2013; Boisse et al. 2012; Barnes et al. 2011; Desort et al. 2007; Hatzes 2002; Saar & Donahue 1997) . The ones that include the convective blueshift effect do it in a simple way by assuming Gaussian spectral lines that are redshifted by a fixed amount to consider the convection inhibition inside active regions (Aigrain et al. 2012; Lanza et al. 2010; Meunier et al. 2010a ). As we will see in this paper, considering observed spectral line shape is essential in reproducing the variation of the bisector span (BIS SPAN) and the Full Width at Half Maximum (FWHM) of the Cross Correlation Function (CCF) used to derive precise RV measurements 2 . Saar (2009 Saar ( , 2003 estimated the convective blueshift effect using the observed bisector of a solar spectral line in and outside of an active region. However, the use of only a single spectral line makes it difficult to extrapolate this work to other stars than the Sun. For other stars, the signal-to-noise ratio required to detect activity signal in the spectrum can only be obtained on the CCF that is an average profile of all the spectral lines in the visible, and therefore only reflects partially the behavior of individual spectral lines.
Considering only the flux effect was justified a decade ago when the precision of the best RV instruments were only able to detect the flux effect induced by spots on rapid rotators. With the meter-per-second precision reached nowadays, the inhibition of the convective blueshift effect inside active regions is measurable and should be accounted for to reproduce the activity-related RV, BIS SPAN, and FWHM variations. This paper presents a new code to estimate the activity-induced RV variation. The convective blueshift effect is accounted for by using observed spectra of the quiet solar photosphere and of a sunspot, which is the natural way to include all the physics related to stellar atmosphere. After a presentation of the new code in Section 2 and a comparison between the different effects induced by spots, plages and stellar parameters in Sections 3 and 4, the result of this activity simulation is confronted to observations of solar-type stars in Section 5.
The SOAP 2.0 software is available for use along with a brief manual and some example data at the following url: http://www.astro.up.pt/soap. When using SOAP 2.0 in publications, it is appropriate to cite this paper.
Simulating the effect induced by active regions
In this section, we first describe briefly the code Spot Oscillation And Planet (SOAP, Boisse et al. 2012 ), a code designed to estimate the flux effect of active regions on the photometric and spectroscopic measurements. We then discuss the improvements made to this code to include the convective blueshift effect, the limb brightening effect of plage, a quadratic limb darkening law, a realistic active region contrast and the resolution of the spectrograph used for the observations.
The SOAP tool
Different tools to estimate the photometric and RV contribution of active regions have been published (Aigrain et al. 2012; Lanza et al. 2010; Meunier et al. 2010a; Saar & Donahue 1997) , and we decided here to focus on SOAP (Boisse et al. 2012) . This code only considers the flux effect of active regions (see Introduction) to estimate the activity-induced variation on the photometry, RV, BIS SPAN and FWHM. In this section, only a general presentation of SOAP is done and defines the material that will be used in the next sections. For a complete and more detailed description of the tool, the reader is referred to the original SOAP paper (Boisse et al. 2012 ).
In SOAP, and as a first step, the non-spotted emission of the star is computed. The visible stellar surface is divided in cells having the same projected area (whose number is defined by the user, generally more than 10000). Each cell presents a different radial velocity depending on the rotational period and radius of the star, and a different weight depending on a linear limb darkening law. In each cell, the emerging stellar spectrum is represented by a Gaussian line profile equivalent to the spectrum CCF of a solar-type star with zero-rotation. The velocity of this Gaussian line profile is shifted to the projected velocity of the cell (dependent on its position on the disk, the geometry of the system, and the rotational velocity of the star), and its contrast is weighted by a linear limb darkening law. Therefore, the integrated CCF of the quiet stellar disc, CCF tot, quiet is defined by:
where x and y scan the stellar grid that has a size N × N, and I ld (x, y) represents the limb darkening law and CCF is in the case of SOAP a Gaussian line profile. The non-spotted emission of the star, Flux tot, quiet , is simply the integration of the limb darkening law over the entire stellar disc:
Then, an active region of a given size is added at a given longitude and latitude. The Gaussian CCF considered for this region is the same that the one for the stellar disk, but its weight depend on the region brightness: [0:1] for a dark spot, >1 for a plage. In each cell affected by the active region, defined by (x a , y a ), SOAP estimates the difference between the quiet CCF at this location and the CCF of the active region, CCF a , which gives:
where I a = Planck(λ 0 , T active region )/Planck(λ 0 , T eff ) is the relative brightness of the active region, λ 0 being the wavelength at which the Planck function is estimated, T active region the temperature of the active region and T eff the effective temperature of the star.
Finally, the difference between the quiet CCF at the active region location (if the active region would not exist) and the CCF of the active region is subtracted from the quiet integrated CCF which give us the integrated CCF taking into account the effect of the active region: 
This approach of estimating first the integrated CCF of the quiet star and then assuming only the contribution of the active region is computationally efficient, because this prevents us from estimating the integrated CCF of the entire star at each step of the rotational phase when looking at the variation induced by an active region passing on the visible stellar disc. The integrated flux of the disc in the presence of an active region, Flux tot, active , is equal to the non-spotted emission of the star minus the flux difference between the quiet photosphere and the active region (inside that region), which gives: 
An illustration of the SOAP simulation showing the variation of the CCF across the stellar disc can be found in Fig. 1 .
In the end SOAP returns the photometry, which is directly given by Flux tot, active , the BIS SPAN, which is calculated 3 directly on CCF tot, active , and the RV and the FWHM, which are estimated by fitting a Gaussian to CCF tot, active . Estimating these parameters for different rotational phase of the star give us the variation induced by an active region as it passes on the visible stellar disc.
The total integrated CCF, CCF tot, active , can be modified in two ways. On the one hand, we can change the intensity of the active region, I a , assuming that the CCF inside the quiet photosphere and inside the active region is the same (CCF=CCF a ). This is what is 3 The BIS SPAN is defined here as the difference between the top of the bisector ranging from 10 to 40% of the depth and the bottom of the bisector ranging from 60 to 90% of the depth. This is the definition adopted for HARPS measurements. 
Limitation of SOAP and equivalent tools
At present, models like SOAP trying to reproduce the effect induced by active regions on RV measurements only consider the flux effect (e.g. Boisse et al. 2012; Barnes et al. 2011; Desort et al. 2007; Saar & Donahue 1997) . In these simulations, the spectrum or its CCF used in each cell dividing the stellar surface is assumed the same in both the quiet photosphere and the active regions (see Eq. 6). This implies a negligible RV effect for plages, for which the flux effect is nearly zero due to the low contrast difference between a plage and the quiet photosphere. However, inhibition of convection in plages (spots) due to the strong local magnetic field produces a ∼ 300 m s −1 redshift of spectral lines formed inside a plage (or spot, Cavallini 1985a) , and therefore induces a non-negligible RV variation (Meunier et al. 2010a; Saar 2009; Dravins 1981) . This inhibition of the convective blueshift effect will be weighted by the contrast difference between the active region and the quiet photosphere. Therefore the activity variation induced by the inhibition of the convective blueshift effect will be significant for plages, and nearly negligible for spots. Contrary to what simulations only considering the flux effect predict, the effect of plage cannot be neglected. Moreover, plages are an order of magnitude more extended than spots (Chapman et al. 2001) , increasing even more their activityinduced RV effect.
In conclusion, simulations only considering the flux effect can reproduce the observed variation induced by active regions for stars that are spot-dominated (Shapiro et al. 2014; Lockwood et al. 2007) , which is the case for very active stars (e.g. HD166435, Boisse et al. 2012) . However, these models fail to explain the variations observed in more quiet stars like our Sun, which are dominated by plages.
2.3. Including the convective blueshift effect and some additional stellar physics Some authors have tried to include the convective blueshift effect and its inhibition inside active regions. Saar (2009 Saar ( , 2003 derived the activity-related RV variation for a plage, using solar observations of an iron line measured inside the quiet photosphere and inside a plage. In solar spectra, the "C" shape of spectral lines formed inside a quiet photosphere region reflects the presence of the convective blueshift effect (Dravins 1981) . Therefore using solar observations of the quiet photosphere and of a plage naturally includes the convective blueshift effect and its inhibition in plages. However only one single spectral line has been used in these studies. Nowadays the most precise spectrographs use the information of the entire visible spectrum to reach a high precision in RV. This RV is measured on the CCF obtained by the cross correlation of the stellar spectrum with a synthetic stellar template (Pepe et al. 2002; Baranne et al. 1996) . Because each spectral line is affected in a different way by convection, it is not straightforward from one spectral line to estimate the variation of the CCF, and therefore comparison with observations is difficult. Lanza et al. (2011) use a synthesized line profile, that they assume being equal to a CCF. However, for the same reason as above, this assumption is only correct at first order as spectral lines will have a different shape than the CCF. The inhibition of the convection is included by shifting the line profile by a fixed amount, which does not include the warping of the bisector that is observed on the Sun (see Fig. 2 ). Meunier et al. (2010b) use some simulated solar spectra comparable to those obtained with HARPS in terms of spectral coverage and resolution, however the inhibition of convective blueshift is also considered as a shift of the spectral lines.
The most reliable way to include the effect of convective blueshift, as well as its inhibition inside active regions due to strong magnetic fields, is to use observed spectra of the quiet solar photosphere and of a solar active region. Because our goal is to simulate the RV effect of active regions as seen with a high-resolution instrument like HARPS, we require some high-resolution solar spectra covering the visible spectral range. The Fourier Transform Spectrograph (FTS) at the Kitt Peak Observatory has obtained such spectra. In the archive of the instrument, we were able to obtain a spectrum for the quiet photosphere (Wallace et al. 1998) in the disc center, and one for a sunspot (Wallace et al. 2005) . We then computed the CCFs of these two spectra using the G2 HARPS template (Pepe et al. 2002) and associated these CCFs to the non-active region and active region of the star, respectively. The same spectrum will be used for a spot and a plage, because no spectrum for a plage with the required properties could be found in the literature. It is clear that the differences in temperature for a spot and a plage will influence the emerging spectrum and modify the CCF bisector, however at first order, the inhibition of convection, shifting spectral lines by ∼ 300 m s −1 , will be the dominant effect. The CCFs for the quiet photosphere and the active region that we use, with their respective bisector are displayed in Fig. 2 . As we can see, the inhibition of convective blueshift inside an active region induce a CCF redshift of 350 m s −1 and changes considerably the shape of the bisector.
The choice of using the CCFs here rather than the spectra is for computational efficiency. Indeed, with only a few hundred data points, the CCF carries the averaged information of the entire spectrum (500'000 points for the FTS spectra compared to 201 points in our case for the CCF). In appendix A, we show analytically that the integrated CCF over the stellar disc obtained when assuming a CCF in each cell of the simulation and then integrating over the disc is the same that when assuming a spectrum in each cells, integrating over the disc and finally calculating the CCF of the integrated spectrum. This equivalence is also shown numerically using our simulation ( Fig. 13 of appendix A).
In addition to using observed solar spectra, we also added in SOAP the observed contrast for sunspots and plages. For the Sun, Meunier et al. (2010a) found an average temperature difference between a sunspot and a quiet region of ∆T S = −663 K. Using a Planck function with the solar effective temperature (5778 K), we arrive to a contrast of 0.54 at 5293 Å (middle of the FTS spectral range). For a plage, the temperature and therefore the contrast is dependent on the position of the active region on the stellar disc. Meunier et al. (2010a) show that the temperature difference between a plage and the quiet photosphere is given by the law:
∆T P = 250.9 − 407.7 cos θ + 190.9 cos 2 θ, (8) where θ is the angle between the normal to the stellar surface and the observer (θ = 0 at the stellar disc center and π/2 at the limb). A plage is therefore brighter on the solar limb than on the solar disc center, with a contrast ranging from 1.22 to 1.03 at 5293 Å, respectively. We modified as well the linear limb darkening law originally present in SOAP by a more realistic quadratic model (Mandel & Agol 2002) , as it was done in SOAP-T (Oshagh et al. 2013) :
(9) For a stellar effective temperature close to that of the Sun (5778 K), we choose γ 1 = 0.29 and γ 2 = 0.34 (Oshagh et al. 2013; Claret & Bloemen 2011; Sing 2010 ). In the following sections, these values will be used unless specified otherwise.
Finally, to compare the results of this simulation to observations, the resolution of the spectrograph has to be considered as it might influence the estimation of the RV, BIS SPAN and FWHM (Boisse et al. 2012; Desort et al. 2007 ). The spectra obtained with the FTS have a resolution higher than 700000, and therefore the resolution of the disk integrated CCF has to be reduced to match observations made with HARPS or other instruments. This step is done by convolving to the CCF an instrumental profile that can be approximated by a Gaussian for fiber-fed spectrographs like HARPS, HARPS-N, SOPHIE, CORALIE, TRES. The FWHM of this Gaussian is equal to the velocity resolution ∆v given by the formulae ∆v = c/R, where R is the instrumental resolution and c the speed of light in vacuum. For example, this gives us a FWHM of 2.6 and 5.5 km s −1 for HARPS (R = 115000) and CORALIE (R = 55000), respectively.
Modifications brought by the convective blueshift effect and additional stellar physics
In the previous section, we listed the different improvements implemented into SOAP to include more stellar atmospheric physics based on solar observations. Here, to investigate the effect brought by each improvement, we simulate an active region on a rotating star, and estimate the variations seen in photom-etry 4 , RV, BIS SPAN and FWHM. Note that we will use the differential value for the variation of all these observables, which explains why the FWHM variation is sometimes equals to zero or smaller. We will first study the variation brought by different limb darkening laws and by different instrumental resolutions. We will then study the effect induced by the use of observed solar spectra. In our simulation, the star has a radius and a projected rotational velocity fixed to the solar value (v sin i = 2 km s −1 ), and is seen equator on. The active region is set on the equator and has a size of S = 1%. This size is defined as the fraction of the surface of the visible hemisphere covered by the active region 5 . The results of this section are obtained considering observed CCFs in each of the 300×300 cells (except for Section 3.3 and Figure 5 were we compare the use of Gaussian and observed CCFs).
Modifications brought by the limb darkening
In SOAP, as we can see in Eq. 4 and 5, the limb darkening law affects quiet regions, as well as active ones. Using different limb darkening laws will therefore affect all regions of the star. Fig. 3 displays the variations induced by a spot or a plage, assuming a linear limb darkening law with with parameter value 0.6 and a quadratic one with γ 1 = 0.29 and γ 2 = 0.34 (see Equation 9 ). As we can see in Table 1 , the RV and BIS SPAN peak-to-peak differences for the variation induced by an active region when comparing a linear and quadratic law is at the detection limit of future spectrographs designed to reach the 0.1 m s −1 precision level (e.g. ESPRESSO@VLT, G-CLEF@GMT). The impact of the limb-darkening law on the RV and BIS SPAN measurements is therefore very small, which implies that limb-darkening laws more precise than quadratic are not useful for estimating the variation of these observables. The photometry is however significantly affected when assuming a quadratic rather than a linear limb darkening law for a spot. An effect of 600 ppm is easily detected by a space-based instruments like Kepler and therefore a quadratic limb darkening law should be used to properly estimate the photometric effect of spots. Finally, the FWHM is also signifi-4 The photometric effect is only dependent on the active region contrast compared to the quiet photosphere in our simulation (see Equation 5). This contrast is estimated at 5293 Å, therefore the photometric effect that will be derived in this paper is for Sun-like active regions observed in a narrow filter centered on 5293 Å 5 S = πR 2 sp /2πR 2 , where R sp is the radius of the spot and R the radius of the star cantly influenced.
Modifications brought by the spectrograph resolution
When observing with different instrumental resolutions, the integrated CCF over the stellar disc will be modified because the star is a point source, and thus the integrated light over the stellar disc is fed into the spectrograph. This integrated CCF will be convolved with a Gaussian instrumental profile that has a FWHM that depends on the instrumental resolution. As we can see in the last paragraph of Sec. 2.3, the lower the resolution, the larger will be the FWHM of the instrumental profile. Fig. 4 displays the photometric, RV, BIS SPAN and FWHM variations when assuming the instrumental resolutions of the FTS (R > 700000), of HARPS (R = 115000) and of CORALIE (R = 55000). As we can see in Fig. 4 and Table 2, the photometry is not affected because this observable only depends on the intensity of the active region and the limb darkening law used (Equation 5), which are not modified here. The difference in RV variation is small, ∼ 10%, because convolving with a Gaussian will not modify significantly the center of the CCF. However, the peak-to-peak amplitudes seen in the BIS SPAN and the FWHM will be strongly reduced by lower resolutions because convolving with wider instrument profiles will average out any asymmetry or intrinsic width of the CCF. In Table 2 , we can see that the BIS SPAN peakto-peak amplitude obtained with the FTS resolution is nearly twice that obtained with the CORALIE resolution. The differences between the FTS and HARPS resolutions are smaller but still approximatively 20% of the BIS SPAN peak-to-peak amplitude (see Table  2 ). As already demonstrated by other authors (Boisse et al. 2012; Desort et al. 2007 ), a high resolution will therefore strengthen the correlation between the RV and the BIS SPAN or the FWHM variations. These correlations are often a powerful diagnostic to decide if the observed RV signal is of activity or planetary origin (e.g. Boisse et al. 2009; Bonfils et al. 2007; Queloz et al. 2001 ).
Modifications brought by the convective blueshift
We now consider the effect on the photometry, the RV, the BIS SPAN and the FWHM induced by the use of different CCFs. We will compute the differences between the following three cases: i) assuming The size of the active region is 1%. The contrast of the active region is 0.54 in the case of a spot (663K cooler than the effective temperature of the Sun, at 5293 Å.), and is given by Eq. 8 in the case of a plage. The active region is on the stellar disc center when θ = 0 and on the limb when θ = ± π/2. 
Note.-In brackets, the fraction of the difference is shown in percent. Values higher than 10% are highlighted in bold face. The spot and the plage have the same properties than in Fig. 3 . The size of the active region is 1%. The contrast of the active region is 0.54 in the case of a spot (663K cooler than the effective temperature of the Sun, at 5293 Å.), and is given by Eq. 8 in the case of a plage. The active region is on the stellar disc center when θ = 0 and on the limb when θ = ± π/2. [m s
Note.-Different resolution: R FT S > 700000, R HARPS = 115000 and R CORALIE = 55000. In brackets, the fraction of the difference is shown in percent. Values higher than 10% are highlighted in bold face. The spot and the plage have the same properties as in Fig. 4 . the same Gaussian CCF in the quiet photosphere and in the active region, ii) assuming the same Gaussian CCF but shifted by 350 m s −1 inside an active region, and iii) assuming CCFs of observed solar spectra of the quiet photosphere and of an active region. We use the quadratic limb darkening law and the HARPS resolution (R = 115000) to derive the results of these three different assumptions that can be seen in Fig. 5 and Table 3. As in the previous case when comparing different resolutions, the photometry is not affected because this observable only depends on the intensity of the active region and the limb darkening law used (Equation 5), which are not modified here. The RV induced effect of a spot is not very different when assuming Gaussian CCFs or observed CCFs. This is because the spot intensity is 54% of the quiet photosphere brightness (663K cooler than the effective temperature of the Sun, at 5293 Å), and therefore the flux effect of the spot is more important than the effect induced by the convective blueshift and its inhibition in active regions. A plage is however only 3% to 22% brighter than the quiet photosphere and in this case the convective blueshift effect becomes ∼10 times more important than the flux effect. We see in Fig. 5 that there is only a small difference between the RV peak-topeak amplitudes when using the same Gaussian CCF but shifted by 350 m s −1 inside the active region, or when using observed CCFs (compare the green and red curves). Therefore, the main parameter influencing the RV effect of a plage is the ∼ 350 m s −1 shift difference in velocity between the CCF in the quiet photosphere and the one in the active region, due to the inhibition of the convective blueshift (compare the green and red curves to the blue curve). Another important point is that the flux effect on RVs is anti-symmetric compared to the center of the star (see the RV variation of the spot), while the convective blueshift RV effect is symmetric 6 (see the RV variation of the plage). This can be explained because the spot-induced RV variation, dominated by the flux effect, is sensitive to the stellar projected rotational velocity that is anti-symmetric being blueshifted on one half of the star and redshifted on the other half. The plage-induced RV variation, dominated by the convective blueshift effect, will be sensitive to the limb darkening and the plage intensity variation, which are both symmetric effects with respect to the disc center.
Looking at the variations of the BIS SPAN and the FWHM, we see that using observed CCFs, which are not symmetric, induces a much higher peak-to-peak amplitude for both the spot and the plage than when assuming symmetric CCFs (compare the red curve to the blue and green curves). Therefore, the use of observed CCFs modify significantly the BIS SPAN and FWHM amplitude, without influencing the RV amplitude. By studying the RV data of a few active stars, we could test if using observed CCFs rather than Gaussian CCFs gives a better description of the induced effect of active regions. This will be the topic of Section 5
We can also study the correction ∆CCF (see Eq. 3) to apply to the quiet Sun integrated CCF, CCF tot, quiet , to estimate the effect induced by a spot and a plage. On the left plot of Fig. 6 , we can see the flux effect (see Eq. 6) for a spot and a plage. The contribution of a spot is negative and increases close to the disc center, due to limb darkening. The contribution of a plage is always positive and is maximum in a region between the limb and the center of the disc. This can be explained by a balance between two opposite effects: the limb darkening of the star and the limb brightening of plages. On the right plot of Fig. 6 , we compare the convective blueshift effect (see Eq. 7) when assuming the use of the same Gaussian CCF for all the star but shifted by 350 m s −1 inside the active region (top plot), and when assuming the use of observed CCFs (bottom plot). Because the CCF that we use for the spot and the plage are the same, we will have the same convective blueshift effect for both type of active region. When assuming a Gaussian CCF, the effect is anti-symmetric with respect to the disc center. This is no longer the case when assuming observed CCFs because the bisector in the quiet photosphere is different from the one in the active region. This explains the important differences in the BIS SPAN and the FWHM variations that we see when using Gaussian CCFs or observed CCFs in our simulation (see Fig. 5 ).
Testing different stellar and spot parameters
In this section, we use a quadratic limb darkening law and observed CCFs of the quiet solar photosphere and of a solar active region. From all the tested configurations in the preceding section, this one, that we call from hereon SOAP 2.0, is the most similar to what is observed on the Sun. In the present section, after fixing the instrumental resolution to that of HARPS (R = 115000), we investigate the effect of different projected stellar rotational velocities, different active region sizes, different stellar inclinations compared to the line of sight, and different latitudes of active regions. If not specified in the text, the star will be seen equator on and its radius and projected rotational velocity will be fixed to the solar value (v sin i = 2 km s −1 ). The active region will be on the equator and will have a size of S = 1%. The results of this section are obtained for a star divided in 300×300 cells.
In Fig. 7 , we show the RV, BIS SPAN and FWHM peak-to-peak amplitudes induced by an active region as a function of the projected rotational velocity. We compare the variation induced by the flux effect only (see Eq. 6), with the variation induced by the total effect, which includes the flux and the convective blueshift effects (see Eq. 4). When comparing our results for the flux effect only with the ones obtained with SOAP (see Figure 5 in Boisse et al. 2012) , we notice that our estimation of the peak-to-peak amplitudes for the RV and the BIS SPAN are twice as small 7 In Boisse et al. (2012) , the spot inducing the RV and the BIS SPAN variations is totally black, while in our case the spot emits 54% of the flux of a non-active region, explaining this factor of two difference.
For a spot, the RV peak-to-peak amplitude that we obtain from the flux effect and from the total effect are very similar, independently of the projected stellar rotational velocity. This implies that the flux effect dom- Note.-Three cases are considered: the same Gaussian CCF is used for the quiet photosphere and for the active region (G), a Gaussian CCF is used for the quiet photosphere and the same Gaussian CCF, however shifted by 350 m s −1 , is used for the active region (G shift), and CCFs of observed solar spectra of the quiet photosphere and of a spot are used. In brackets, the fraction of the difference is shown in percent. Values higher than 10% are highlighted in bold face. The spot and the plage have the same properties as in Fig. 5 . inates the RV variation for any v sin i . For the BIS SPAN and the FWHM peak-to-peak amplitudes, the flux effect dominates for rapid rotators. However, for small v sin i similar to the solar value, the flux effect vanishes and the convective blueshift effect becomes dominant (see the zoom in the left plot of Fig. 7) . Therefore, simulations like the original SOAP only including the flux effect manage well to reproduce the variations induced by a spot on rapid rotators. For slow rotators like the Sun, SOAP 2.0 predicts that the BIS SPAN and the FWHM peak-to-peak variations are larger than when considering the flux effect only. For a plage, the RV, BIS SPAN and FWHM peakto-peak amplitudes are dominated by the convective blueshift effect for any projected stellar rotational velocity. This can be explained by the small contrast difference between a plage and the quiet photosphere, which implies a small flux effect. For a plage, SOAP 2.0 yields a much higher RV, BIS SPAN and FWHM peak-to-peak amplitudes than simulations only considering the flux effect predict.
The introduction of the inhibition of the convective blueshift effect causes the FWHM peak-to-peak amplitude of a plage to be always three times greater than the RV peak-to-peak amplitude, for every stellar rotational velocities smaller than 8 km s −1 . For spots, on the contrary, this is never the case. Therefore the ratio between the FWHM peak-to-peak amplitude and the RV peak-to-peak amplitude informs us on the type of active regions at the origin of the activity-induced variation: spot or plage. For v sin i ≤ 8 km s −1 , a ratio smaller than three implies the presence of a spot, while a ratio larger than three indicates the presence of a plage.
In Fig. 8 , we show the RV, BIS SPAN and FWHM peak-to-peak amplitudes as a function of active region size. As we can see, these parameters are proportional to the active region size, which is the case because we stay in the small active region regime where the geometry of these regions does not change. As discussed in the preceding paragraphs, the faster a star rotates, the higher will be the activity-induced effect on the RV, the BIS SPAN and the FWHM. The photometry is the only observable independent of the stellar projected rotational velocity.
Using the results of Figs. 7 and 8, we can estimate the photometric, RV, BIS SPAN and FWHM peak-topeak amplitudes as a function of v sin i and the active region size. These results are obtained assuming an equatorial spot on a star seen equator on, which is the configuration leading to the maximal effect. The following equations gives us thus the maximal photometric, RV, BIS SPAN and FWHM peak-to-peak amplitudes that a spot Sp or a plage Pl with a size S (in percent) can induce considering a stellar projected rotational velocity in the range 0.5 ≤ v sin i ≤ 12 km s −1 : 
The flux peak-to-peak amplitude is expressed in ppm and the RV, BIS SPAN and FWHM peak-to-peak amplitudes in m s −1 . The parameters or these polynomials have been estimated by fitting the results of the simulation.
In Fig. 9 , we display the photometric, RV, BIS SPAN and FWHM peak-to-peak amplitudes as a function of stellar inclination i (the active region being at the equator), and as a function of active region latitude φ (the star being equator on, i.e. i = 90 degrees). The maximum peak-to-peak amplitude for all the different observables are obtained for an equatorial active region on a star observed equator on. For both the spot and the plage, the photometric, RV, BIS SPAN and FWHM peak-to-peak amplitudes vary in a similar way when modifying the stellar inclination or the active region latitude. The amplitudes of the induced variations vary roughly as sin i 2 or cos φ 2 . These formulae give us an indication of how the peak-to-peak variations change but should not be used to get precise values. Looking at the photometric effect, it is interesting to see that for the plage, the limb darkening is competing with the increase of the active region intensity when approaching the limb, which induce a nearly constant flux from i = 90 to 30 or from φ = 0 to 60 degrees.
Observational test
In the preceding sections, we presented SOAP 2.0, a new simulation of stellar activity that estimates the impact of spots and plages on the photometry, RV, BIS SPAN and FWHM. In this section, we compare the result of this simulation with observations of HD189733 and α Cen B. The full description of the method using SOAP 2.0 to fit the data of both stars is described in another paper (Dumusque 2014, submitted) . We however show the results here to demonstrate that the results of SOAP 2.0 reproduce the stellar activity observed on solar-type stars. 
HD189733
HD189733 will be used as a first example. This star is rather active because its photometric variability in the visible reaches the percent level (Winn et al. 2007; Croll et al. 2007 ). In addition, signs of stellar activity have also been detected in the X-ray (Poppenhaeger et al. 2013) and in the calcium H & K activity index (Boisse et al. 2009; Moutou et al. 2007) , which is compatible with a star rotating moderately fast, with a v sin i of ∼3 km s −1 (e.g. Triaud et al. 2009 ) and a rotational period of 11.95 days (Henry & Winn 2008) . All these indicators favor a star for which the activity should be dominated by the effect of spots on the stellar surface (Shapiro et al. 2014; Lockwood et al. 2007 ). In that case, the flux effect should explain the major part of the photometric, RV, BIS SPAN and FWHM activity-induced variations.
HD189733 has been observed in July 2007 simultaneously in spectroscopy with SOPHIE at the Observatoire de Haute Provence in France and in photometry with the MOST satellite. These data have been used to test other activity simulations (Boisse et al. 2012; Aigrain et al. 2012; Lanza et al. 2011 ) that could reproduce the photometric and RV activity-induced variations fairly well. Here we will use the same data set to check if the SOAP 2.0 code manages to also reproduce the variations seen in photometry and RV, in addition to the variation observed in BIS SPAN. The FWHM of HD189733 for the same period exhibits a peak-topeak amplitude of 135 m s −1 , which is unlikely to be due to activity variations. We therefore decided not to include the FWHM in our fitting procedure.
Given the regular photometric variation over two rotational periods (see Fig. 10 ), it is justified to consider that one main active region is present on the stellar surface 8 . We therefore try to reproduce the activityinduced variation using only one active region. If a plage was at the origin of the photometric variation, the RV and BIS SPAN variations would be much larger in amplitude, and thus we decided to use a spot to fit the data.
After binning the MOST and SOPHIE measurements over one day and running a Markov Chain Monte Carlo (MCMC) to fit the results of SOAP 2.0 to the photometric, RV and BIS SPAN data (see Dumusque 2014, submitted), we obtain our best fitted solution represented by the black curve in Figure 10 . The reduced χ 2 of this model is 1.18 compared to 20.31 for a flat model. Our best fit to the data corresponds to a 0.8% spot that can be found at a latitude of 61 degrees. The star rotates in 10.27 days and is seen nearly equator-on with an inclination of 80 degrees. Note that the planetary signal has been removed using the planetary solution of Boisse et al. (2009) and that the residual RVs and the BIS SPAN have been centered on zero using a weighted mean.
The fit does not match the RV data around BJD = 2454308.5 (10 days in the abscissa of Figure 10 ). In the studies by Aigrain et al. (2012) and Lanza et al. (2011) , the same anomaly was reported using a spot model taking into account the flux effect and in some way the convective blueshift effect. The results of SOAP 2.0 show that the convective blueshift effect is not dominating the activity-induced RV variation when spots are present on the stellar surface (see Section 4). Therefore the flux effect is dominating in this case, and because this effect is estimated in SOAP 2.0 in a similar way than in the works published by Aigrain et al. (2012) and Lanza et al. (2011) , it is not surprising that we find the same anomaly. The RV data around BJD = 2454308.5 were obtained near the full moon (BJD = 2454311.5), which can contaminate some spectra in case of clouds. Boisse et al. (2009) removed strongly contaminated spectra from the observations, however, without simultaneous observation of the sky 9 , it is possible that some of the remaining spectra are slightly contaminated. Note that this contamination could be at the origin of the large peak-to-peak amplitude observed in the FWHM. In addition, as already discussed by Lanza et al. (2011) , flares could also be the cause of this anomaly, because the calcium activity index of HD189733 can sometimes vary on a very short timescale (Fares et al. 2010; Moutou et al. 2007) .
Removing the two bad points of the anomaly and considering only the spectroscopic data (RV and BIS SPAN), the reduced χ 2 of the fit is 1.17 compared to 1.26 for a flat model, and the standard deviation of the RV residuals is 5.57 m s −1 compared to 7.53 m s −1 , which is an improvement of 5.06 m s −1 . Although the improvement in χ 2 only considering the spectroscopy is not very significant comparing our best fit model to a flat model, we have to note that photometry and spectroscopy are both fitted together and that photometry his much more constraining the fit than spectroscopy in this case. With this slight improvement in χ 2 and the improvement in standard deviation, we are confident that our best fit reproduces better the data than a flat model.
To fit the data of HD189733, we used observed CCF in our simulation. The result would have been similar using the same Gaussian CCFs in the quiet photosphere and the active region, or Gaussian CCFs shifted by 350 m s −1 , because the three different pre-9 the second fiber was illuminated by a thorium lamp for cross calibration, and not by the nearby sky.
scriptions predict a similar RV effect (see Figure 5 ). The prescription using observed CCF predicts though a larger BIS SPAN amplitude, however the precision on the BIS SPAN for HD189733 is not good enough to be able to differentiate between one or the other prescription. The stellar inclination obtained from the marginalized posterior of our MCMC, i = 84 +6 −20 degrees, as well as the latitude of the spot found, 67 +12 −36 degrees, are compatible with previous measurements of the spin-orbit angle close to zero degree 10 (Collier Cameron et al. 2010; Triaud et al. 2009; Winn et al. 2006) , and HST observation of the transiting planet HD189733b occulting stellar spots at ∼ 30 degrees in latitude (Pont et al. 2007 ). More information about confronting our results to previous measurements can be found in Dumusque (2014, submitted) . This compatibility with previous observations brings us confidence that the results of SOAP 2.0 manages to reproduce the activity-induce variation of stars that are spotdominated and rotate moderately fast, like HD189733.
α Cen B
As a second example, we want to see if SOAP 2.0 can reproduce the activity induced variation of slow rotators, for which the effect of plages should dominate the activity-induced variation (Shapiro et al. 2014; Lockwood et al. 2007 ). Many slow rotators have been observed with HARPS, HARPS-N and HIRES to search for planets with the sufficient RV precision and cadence to study stellar activity. However, RV surveys are biased towards non-active stars, or stars at the minimum of their activity cycle, for which the RV activity-induced signature is at the level of the instrumental precision. Nevertheless, a few RV observations of slow rotators during their high-activity phase exist, and the best RV measurements to study stellar activity are probably the ones used to detect the closest planet to our Solar System orbiting α Cen B (Dumusque et al. 2012) . The data for 2010 exhibit an important and extremely regular activity index variation (in Ca II H and K, Dumusque et al. 2012 ) that can be modeled by a single major active region present on the stellar surface. Looking at the spectroscopic measurements of α Cen B in Figure 11 , we can notice that the FWHM peak-topeak amplitude is nearly four times larger than the RV peak-to-peak amplitude. Using the results of Section 4, this ratio can be explained if a plage is responsible for the activity-induced variation.
The results of SOAP 2.0 can be used to predict the projected rotational velocity of α Cen B. The ratio between the RV, the BIS SPAN, and the FWHM peakto-peak amplitudes implies a v sin i of ∼ 1 km s −1 (see Figure 7) . This is compatible with the projected rotational velocity calculated using the rotational period of α Cen B, i.e. v sin i ≤ 1.15 km s −1 (rotational period of 37.8 days, Dumusque et al. 2012) .
As for HD189733, we used the results of SOAP 2.0 and run an MCMC to fit the data of α Cen B. The details of the fit can be found in Dumusque (2014, submitted) . Our best fit to the data, shown by the black curve in Figure 11 , matches well the observed variations. The reduced χ 2 of this fit is 1.00 compared to 11.17 for a flat model. Only considering the RVs, the reduced χ 2 of the fit is 1.85 compared to 4.90 for a flat model, and the standard deviation of the RV residuals is 1.58 m s −1 compared to 2.73 m s −1 , which is an improvement of 2.22 m s −1 . Our best fitted model is therefore a better representation of the observed RV variations than a flat model and it can be used to correct the RVs from activity variations.
To fit the data of α Cen B, we used observed CCF in our simulation. Looking at Figure 5 and comparing with the observation in Figure 11 , it seems clear that to reproduce a significant variation in BIS SPAN and in FWHM, we need to use same Gaussian CCFs but shifted by 350 m s −1 or observed CCFs in our simulation. These two different prescriptions predict a similar RV amplitude, but not the same BIS SPAN and FWHM amplitudes. In the observations, the peak-topeak amplitude in FWHM is about four times larger than the RV peak-to-peak amplitude, which can only be explained when using observed CCF in the simulation.
Discussion and Conclusion
This paper presents SOAP 2.0, a new version of SOAP (Boisse et al. 2012 ) that estimates the activityinduced variations seen in photometry and spectroscopy. The convective blueshift effect and its inhibition inside active regions is included in the simulation by using spectra of the Sun taken in the quiet photosphere and inside an active region. This inhibition is one of the major cause of the activity-induced variation for slow rotators (Meunier et al. 2010a ). Limbbrightening of plages, i.e. that plages are brighter on the limb that on the disc center (Meunier et al. 2010a) , is also taken into account, as well as a quadratic limb darkening law. Finally, SOAP 2.0 is optimized to estimate the activity-induced variation as seen by high-resolution fiber-fed spectrographs like HARPS, HARPS-N, SOPHIE, CORALIE.
An important result obtained with SOAP 2.0 is that for slow rotators, the convective blueshift effect and its inhibition in active regions plays an important role in the activity-induced variation. For stars with v sin i smaller than 8 km s −1 , the convective blueshift effect dominates the activity-induced FWHM variation, regardless of the type of active region considered, spot or plage. This is different for the RV variation that is dominated by the flux effect in presence of a spot, or by the convective blueshift effect in presence of a plage. This difference has a direct impact on the ratio between the FWHM and the RV peak-to-peak variations, which can be used to characterize the type of the active region responsible for the activity-induced signal. When a major active region is dominating the activity-induced signal, this active region is a spot if this ratio is smaller than three, while it is associated to a plage for larger ratios. Note that this result should be the same when several active regions are present on the star because the total activity variation will just be the sum of the variation of each individual active region.
For fast rotators, the results of SOAP 2.0 show that the flux effect dominates the activity-induced RV, BIS SPAN and FWHM variations when spots are at the origin of the activity-induced signal, while it is the convective blueshift effect that dominates when plages are present on the stellar surface.
When the Sun is at its maximum activity level, it is not uncommon to see one long-lived main active region on the stellar surface. The data presented here for HD189733 and α Cen B show a similar behavior, that therefore seems to be something common among solar-type stars. In the case where only one active region dominates the activity-induced variation and if this active region evolves slowly in comparison with the stellar rotation period, SOAP 2.0 can be used to fit the observed data. Accounting for the convective blueshift effect in SOAP 2.0 allows to better reproduce the variations seen in photometry, RV, BIS SPAN and FWHM. Fitting all these observables simultaneously allows to lift the degeneracy between active re- The best-fitted solution corresponds to a plage of size 2.4% that can be found at a latitude of 44 degrees. The star rotates in 36.65 days and is seen with an inclination of 22 degrees. Note that the binary contribution of α Cen A has been removed from the raw RVs published in Dumusque et al. (2012) and that the residual RVs, the BIS SPAN and the FWHM have been centered on zero using a weighted mean.
gion size, active region latitude, and stellar inclination. For more information, readers are referred to the paper from Dumusque (2014, submitted) , where the author shows how the stellar inclination can be obtained using the results of SOAP 2.0, even in the case of stellar projected rotational velocity smaller than 2 km s −1 .
When several active regions are present on the stellar surface, it is more difficult to fit the activity signal due to degeneracy between the active region latitudes and sizes, and the stellar inclination. However, if the stellar inclination can be measured on a small subset of the data that shows only one dominant active region, the posterior of the stellar inclination estimated on that subset can then be used as a prior to fit the other parts of the data. Once the stellar inclination is fixed, fitting several active regions becomes less degenerated and computationally more efficient. This will be tested in forthcoming papers. In the case of HD189733 and α Cen B, fitting the stellar activity signal and correcting the RV measurements from it reduces the standard deviation by 5.06 and 2.22 m s −1 , respectively.
The results of this paper are obtained for active regions with a temperature fixed to the solar value. When fitting stellar activity on other stars than the Sun, like the K1 dwarfs HD189733 and α Cen B, the temperature difference between active region and photosphere could be different. The active region temperature is always degenerate with the active region size to first order, because the signal of a big active region with a small contrast can be reproduced by a smaller active region with a higher contrast. However, if we study in detail the activity-induced signal of a spot as a function of the spot temperature difference (see Fig. 12 ), the ratios between the photometric, RV, BIS SPAN and FWHM peak-to-peak variations change as a function of spot temperature. It is therefore possible that precise spectroscopic measurements can lift some degeneracy between spot temperature and spot size. Another possibility to measure the spot temperature would be multi-band photometry, which has been obtained in the case of HD189733. In Pont et al. (2013) , the temperature difference of a spot occulted during the transit of HD189733b is estimated to be −750 ± 250 K, compatible with our value of −663 K adopted in SOAP 2.0.
Although SOAP 2.0 includes some additional solar physics compared to previous activity codes, the simulation is still simple compared to the complexity of stellar atmosphere and further improvements can be made. In SOAP 2.0, the spectrum of a plage is con- -Peak-to-peak (p2p) amplitudes of the photometry, RV, BIS SPAN and FWHM induced by a spot as a function of the spot temperature difference with the photosphere. Note that in our simulation, the temperature difference is used to estimate the flux ratio between the active region and the photosphere, and this flux ratio is used to weight the contribution of the active region (see Section 2.1). Two different values for v sin i are considered: 2 and 5 km s −1 (blue lines and red lines, respectively). The RV, BIS SPAN and FWHM are represented by continuous, dashed and dotted lines, respectively. As we can see, the photometric effect (green line with triangle markers) is independent of the stellar projected rotational velocity. sidered the same as the one of a spot. At first order, this can be done because the most important effect is the inhibition of convection inside a spot or a plage due to strong magnetic fields. This inhibition shifts towards the red the bisectors of the spectral lines, which has an influence on the RV, BIS SPAN and FWHM. The temperature inside a plage is however hundreds of Kelvin higher than inside a spot, which will modify the emerging spectrum of the active region and thus modify the bisector shape. Therefore an observed spectrum of a solar plage should be used in order to include the correct bisector shape of a plage in SOAP 2.0. Furthermore, the convection seen inside a quiet photosphere region depends on the position of this region on the stellar disc, as different depths inside the star are probed. This difference induces a decrease of the granulation contrast when going towards the limb (Sánchez Cuberes et al. 2003; Beckers & Taylor 1980; Beckers & Nelson 1978) , and consequently the amount of convective blueshift decreases as well. This limb-shift effect influences the shape of spectral lines, and the observed "C" shape of the bisector in the disc center disappears and is transformed into a "D" shape on the stellar limb, as it is observed for the Sun (Cavallini 1985b) . We tried to account for this effect in our simulation by warping the CCF depending on the position on the stellar disc. However, as seen in Appendix B, we were not able to reproduce the CCF bisector shape observed on solar twins by including this limb-shift variation. More work is therefore needed to take into account this effect in the correct way. This could be done by either using high-resolution spectroscopic observation of the Sun at different center-to-limb angles, or by using MHD stellar atmosphere models. The effect induced by this limb-shift on the shape of the stellar integrated CCF and therefore on the RV, BIS SPAN and FWHM variations is however of the second order (see Figure 15 ) because this limb-shift effect affects mostly the limb of the star, which are much fainter than the stellar disc center because of limb darkening.
To finish, we would like to make it clear that the results of SOAP 2.0 are based on one solar observation of the quiet photosphere and one of a spot. We make the assumption that these two spectra are representative of all quiet photosphere regions and active regions. These spectra will be different if we consider different localization on the stellar surface, different magnetic field strengths and configuration, or a star with a different spectral type. However, our test of including the limb shift effect show that if these differences are small, what we think, they will induce a second order effect because the inhibition of the convection inside active region will dominate and because limb effects will be averaged out by limb-darkening. The fact that SOAP 2.0 manages to reproduce the activity-induced variation of the early-K dwarfs HD189733 and α Cen B shows that we have some margins, however we have to be cautious when using SOAP 2.0 on stars with a different spectral type than the Sun.
We thanks the anonymous referee for his valuable comments that improved the first version of the paper and made the results more significant. The authors are very grateful to the MOST team for making available the observations analyzed in this work and for useful discussions. In addition, interesting discussions with R. Anderson, F. Pepe, S. Saar, D. Ségransan and A. Triaud helped in improving the paper. We thank R. Anderson for a careful read of the paper and very helpful comments in return. X. Dumusque thanks the Swiss National Science Foundation for its financial support through an Early PostDoc Mobility fellowship. We also acknowledge the support from the European Research Council/European Community under the FP7 through Starting Grant agreement number 239953. NCS was supported by FCT through the Investigador FCT contract reference IF/00169/2012 and POPH/FSE (EC) by FEDER funding through the program "Programa Operacional de Factores de Competitividade -COMPETE. NSO/Kitt Peak FTS data used here were produced by NSF/NOAO.
A. Equivalence in integrated CCF when using a spectrum or its CCF in each cell of the SOAP simulation To obtain the quiet Sun CCF of the integrated disc, several linear processes are used:
• calculation of the CCF of the quiet Sun spectrum. According to Pepe et al. (2002) , the value of the CCF at velocity v R is given by:
where
, S is the spectrum and M(λ v R ) represents the Doppler-shifted numerical mask used for the correlation
• shift of the CCF according to the projected stellar velocity v j of cell j:
(A2)
• summation of the CCFs present in every cell to obtain the integrated CCF, CCF(v R ) tot, quiet :
Therefore, the integrated CCF over the stellar disc is given by:
One can also consider the quiet Sun spectrum in each cell and shift it to the corresponding projected stellar velocity v j of each cell. The integrated spectrum over the entire disc is obtained by summing all the spectra in the cells and then the CCF can be calculated. In this case:
1+v j /c dλ , and therefore Eq. A5 can be rewritten:
where we used that:
where the last equivalence can be obtained for small velocities compared to the speed of light, v R · v j c 2 , which is the case here.
Considering a CCF in each cell and obtaining the integrated CCF by summing all the cells together is therefore equivalent to considering a spectrum in each cell, obtaining the integrated spectrum and finally calculating the CCF of this integrated spectrum. Figure 13 illustrates this analytical result using our simulation. By injecting spectra or CCFs in each cell of SOAP 2.0, it was possible numerically to retrieve the same CCF and bisector, proving that the simulation is returning coherent results.
B. Warping the CCFs to account for the limb-shift of spectral lines
On the Sun, the contrast of the granulation pattern decreases when going towards the limb (Sánchez Cuberes et al. 2003; Beckers & Taylor 1980; Beckers & Nelson 1978) , and consequently the amount of convective blueshift decreases as well. This limb-shift effect will affect the shape of the spectral lines, being "C" shape on the stellar disc center a "D" shape on the stellar limb. The variation of a few spectral line from the solar disc center to the limb have been measured on the Sun (e.g. Cavallini 1985b), however these observations does not help us in modeling this limb-shift effect because we are working with CCFs. A CCF is a weighted average of nearly all the spectral lines in the visible, and because different spectral lines are affected differently by convection, the bisector of a CCF is different from the bisector of a given spectral line (see the left plot of Figure 13 ).
To account for the limb-shift effect of spectral lines, we decided to warp the CCFs depending on the stellar disc position. The CCF for the quiet photosphere that we use throughout the paper have been extracted from a FTS spectrum taken at the disc center. We therefore have the correct CCF for the stellar disc center. On the limb, the granulation contrast decreases and therefore the amount of convective blueshift as well. The quiet photosphere CCF on the limb should therefore not include any convective blueshift, which implies that the CCF should be redshifted by ∼ 350 km s −1 and its bisector should be straight. For regions between the disc center and the limb, we interpolated linearly in cos θ between the two bisectors of these extreme regions. The left plot of Figure 14 shows the CCF bisectors for cos θ = 1, 0.8, 0.6, 0.4, 0.2 and 0. The CCF at any position on the disc is obtained by warping the quiet photosphere CCF taken at the disc center to reproduce the desired bisector.
To test if our empirical way of considering the limb-shift effect is realistic, we selected two solar twins observed with HARPS during their minimum of activity: α Cen A and 18 Scorpii. If the limb-shift effect is accounted for in a realistic way, the bisector of the integrated CCF estimated with our model without any active region should be similar to the CCF bisectors of these two stars. The result of this test is shown in the right plot of Figure 14 . We can see that the bisector derived when considering the limb-shift effect is not matching the observations, and that the bisector obtained without this extra effect is a better match.
Following these results, we can conclude that our empirical way to include the limb-shift effect cannot reproduce the observations, and we decided not to include this effect at this stage. Further development to include this limb-shift effect are required using either solar observation at different cos θ angles, or MHD simulations that can reproduce realistic bisector shape for different positions on the stellar disc. Nevertheless, comparing the photometric, RV, BIS SPAN and FWHM activity-induced variations derived with and without considering the limb-shift effect (Figure 15) , we see that this effect, even if accounted for in a realistic way in the future, is not significantly modifying the activityinduced variations. This is because the limb-shift effect only influences the limb of the star that have a small weight in the disk-integrated CCF because of limb darkening. To illustrate that the integration over the entire disc modify the CCF and the bisector, we show in blue (dashed line) the CCF and the bisectors of the FTS quiet Sun spectrum taken in the stellar disc center. Note that the result obtained when using the full spectrum in each cell is noisier. This is an artifact of the way each spectrum was Doppler shifted to account for stellar rotation. Note that for cos θ = 1.0, we use the quiet photosphere CCF bisector because it has been calculated from an FTS spectrum taken at the center of the solar disc. When approaching the limb, the bisector is redshifted and straighten to account for the reduction of the convective blueshift. Right: From right to left, we compare the bisector of the integrated CCF obtained considering (cyan line) and not considering (green line) the limb-shift effect, in addition to the bisectors of the α Cen A (purple line) and 18 Scorpii (black line) CCFs observed with HARPS. The model not accounting for the limb-shift effect is a better match to the observations. The size of the active region is 1%. The contrast of the active region is 0.54 in the case of a spot (663K cooler than the effective temperature of the Sun, at 5293 Å.), and is given by Eq. 8 in the case of a plage. The active region is on the stellar disc center when θ = 0 and on the limb when θ = ± π/2.
